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ABSTRACT

7KH (DUWKYV FOLPDWH LV SURMHFWHG WR ZDUP VLJQLILFDQWO\
human societies in many ways. Since sleep is a basic human need and part of everyone's life,

the question of how temperature affects human sleep naturally arises. This paper examines

the effect of daily mean temperature on sleep duration using nationally representative

Hungarian time use surveys between 1976 and 2010. Compared to a mild temperature (510

f& FROGHU WHPSHUDWXUHY GR QRW LQIOXHQFH VOHHS GX
WHPSHUDWXUHY ULVH VOHHS GXUDWLRQ VWDUWV WR VWURQJO\
i PLQXWHY 7KH HVWLPDWHG VOHHS ORVV LV HVSHFLDOO\ OD
for older individuals, and for men. Combining the estimated effects with temperature

projections of twenty -four climate models under four climate change scenarios shows that

the warming climate will substantially decrease sleep duration. The projected impacts are

especially large when taking into account of the effects of heatwave days. This study also

shows that different groups in society are likely to be affected in significantly different ways
by a warming climate.

JEL codes:112, Q54
Keywords: temperature; climate change; sleep; time use survey; Hungary
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Temperature exposureand sleep duration: evidence from time use surveys

7TDPiV +DMGX

Centre for Economic and Regional Studies, Hungary, hajdu.tamas@krtk.hu

Abstract

The (D U WIlikn%ee is projected to warm significantly in the 21st century, andatifigffect

human societies in many way&incesleep is a basic human need and part of everyone's life,
the question of how temperature affects human sleep naturally. diisepaper examines the
effect ofdaily meantemperature on sleep duration using nationally representative Hungarian
time use surveys between 1976 and 2@dmpared to a mild temperature (5 f & FROGHU
temperatures do not influence sleep duratitowever,as daily mean temperatures rise, sleep
duration starts tstrongly declineThe effect of aK RW | f & 112D Mminuies.The
estimated sleep loss is especially large on weekends and public holidays, for older individuals,
and formen Combining the estimated effects with temperature projections of tvieaty
climate modelsunder fourclimate changescenariosshows that the warming climate will
substantiallydecrease sleep duratiofhe projected impacts are especially large wiadang

into account of the effects tfeatvave days This study also shows thdifferent groups in
society are likely to be affected in significantly different ways by a warming climate.

JEL codesl12, Q54

Keywords: temperature; climate change; sléiepe usesurvey Hungary
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1. Introduction

Sleep is essential for humaasd other animal&Cirelli and Tononi 2008)Insufficient sleep
and sleep disturbances are associated magative physicakognitive,emotional and social
consequencesthe sort duration of sleep is associated with higher mortality, risdalth
complications,and diseases, including hypertension, cardiovascdisease,and stroke
(Cappuccio et al. 2010; Itani et al. 2017; Tobaldini et al. 208/@ep plaganessentiatole in
maintaining a healthy immune systgiBesedovsky, Lange, and Haack 2Q1B)srupted,
inadequateleepor reducedsleep quality leads toegativemode anxiety, greater interpersonal
conflict, and social withdrawgBen Simon et al. 2020; Ben Simon and Walker 2018; Tomaso,
Johnson, and Nelson 2021Jleep deprivatiorhas also a deleterious effect on cognitive
performancégLim and Dinges 2010; Krause et al. 2017; Lowe, Safati, and Hall 2017)

Given the importance of sleep, there is an extensive literature on the factors that influence sleep.
An important strand of ik literature investigatesdw environmental factoraffect human

sleep Among others, it includestudies omoise(Muzet 2007; Basner and McGuire 2018)
artificial light (Paksarian et al. 2020; Boslett et al. 2021y pollution(Liu et al. 2020; Cao,

Chen, and Mcintyre 202,1and exposure to green spa®isin et al. 2020; Stenfors et al. 2023)

As climate change is considered one of the greatest threats to humanit@ istdentury,the
guestion naturally arisesf how temperature an@ warming climateaffect human sleep
Previous studies on the effect of temperatursleep consignainly of laboratory experiments

These studies show thabth cold andcheat decrease sleep quality and increase wakefulness
(Haskell et al. 1981; Fletcher, van den Heuvel, and Dawson 1999; Tsuzuki, OKkdinotm,

and Mizuno 2004; Okamotlizuno et al. 2005; Okamotdlizuno and Mizuno 2012; Lan et

al. 2017; Rifkin, Long, and Perry 2018)owever, &rgescale studies in reavorld settingshat
examine the effects of ambient temperatures and are able to provide quantitative information

on the potential impacts of climate charigepolicymakersareextremelyrare.

Such aunique example is the studyhat uses U.S. survey data from more than 750,000
respondents over a d@arlong period(Obradovich et al. 2017)t examina the effect of
ambient temperature on the numbedaf/sof insufficientrest orsleep over the past 30 days
(measured by a single retrospective questitirf)nds thatan increase ot f &n the 30-day
average of daily minimurtemperature deviations from théing-term mearcauses nearl$
daysof insufficientrestsleep per 100 individuals per monfkssuming a worstase climate
scenario (RCP 8.5), the study predittat 14 additionaldaysof insufficient rest/sleeper 100
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individuals will be expected in the U.S. by 2099, compared to 286therpaper used data

from sleeptracking wristbandgMinor et al. 2022)This dataset consists of more than 7 million

daily sleep records of 47,628 individuals ovéwa-year period across 68 countrige paper

concludes that the higher the daily minimum temperature the shorter thalsteépn. The

relationship is monotone, but the marginal effect of temperature is increasing. The impact of

LQFUHDVLQJ PLQLPXP WHPSHUDWXUH E\ f& LV PXFK VWUR
f &he observed relationship means ttiet warming climate will causan average o6

hours of sleep loss per person by 2099 (compared to 2010) under the RCP 4.5 scenario, whereas

the projected sleep loss is 14 hours under the RCP 8.5 sceMaliios and White(2019)

examinethe effect of temperature on mental heafid identify changes in sleep quantity as a

potential mechanism. Based on data from the US Time Use Survey, they found that warmer

temperatures reduce the number of minutes slept.

The presentstudy examines the effect of ambient temperature on sleep duratiaset
nationally representativelungariantime use surveys between 1976 and 20Xihe spatial
resolution meteorological datand temperature projections of stafehe-art climate models
Meteorological datas linked to thealmost122,000 timause diaries to investigate the effeft
daily meartemperature on sleep duratidie empirical approach is based on the recent climate
econometrics literatur@®ell, Jones, and Olken 2014; S. Hsiang 20A6)onlinear relationship
between temperatuesd sleep duration is alloweg using temperature categories representing
different daily mean temperatureBhe baselinemodel includescontrols for precipitation,
humidity, sociceconomic background, daf-week, and public holiday but an individual
fixed effects model is also estimatefls countyby-yearby-month fixed effectsare also
included the effects of temperature are identified from the random variatiodaily
temperature within a given countyanda given month.The analysis shoswthat asthe daily
mean temperatuiiacreasessleep duration decreas®©naday of202 f& WKH DYHUDJH V
duration is6.3 minutes shortethan ona mild (5 f& GD\ 7 KoflaHaxtkema hot

! f & G DI4nMinutes.However, the effects are much stronger for certain groups in
society especially among older peopleis also shown by this paper that the effect of heatwave
days (hot dayprecededy otherhot days) isnuchVWURQJHU WKDQ 3VLPSOH™ KRW

Coupling the obtained relationship witie outputs of climate models, the impact of climate
changas projectedunder four SSP6 KDUH G 6 R F L R (( F iR BfadiosT [3eDwvikingD
climate will decrease sleejuration during the 21st century. The median projectionthé&ast
decade of the century range between (SSP1-2.6 scenario) and4.0 hours (SSP 8.5

3



scenario) per person per yeahile they range betweeid.7 andi22.7 hours when taking into
account the effect of heatwave days and their future increapertantly, most of this loss is

concentrated in theummer and early autumn

This study makes important contributions to the literafDespite the growing evidence on the
relationship between ambient temperature and sleep fromdaade data collected in real

world settings, limitations remain in terms of (heasuremendf sleep (ii) data collection
strategy and (iii) understanding the potential impact of climate chaRigst, some research
measures sleep in terms of days of insufficient ske®pch is helpful for providing evidence
about subjective sleep quality but lindtan its ability to tell us about the effect of temperature

on anobjective measure of sleep durati®@econd, of those that do monitor sleep duration,
some of theprevious research has relied on data collected from users ottidekimg
wristbands, which are prone to selection biias highquality paper, Minor et a(2022)use a
sample that was overrepresented by middjed males. ©the one hand, people of higher
social status may make defensive effontkjch may lead to effects different from those in a
general populationOn the other hand, these demographic groups and study participants using
sleeptracking technology may also be more prone to sleep disruption andelata anxiety.

Again, this make# more difficult to generalize the resulfBhe heterogeneity of the effects

also needs to be investigated in madetail to get a full picture of the impact of temperature on
sleep and this can only be done using data covering the whole of sadieyis important, for
example, because the world's population is growing rapidly, so understanding the differences
between age groups can provide useful information for public pdimally, longterm
databases spanning several decades are needed to examine possible adaptation. This has not
been possible in previous research dualexk of suitabledata buis essentikto predict and
assess the potential impacts of climate chaAdough not explored in previous studies,
understanding the effects of heatwaves, which will become more frequent in the future, is also
essentialThis study addresses these gaps by using a large number -afsintgaries over a
thirty-five-year periogd which addresses prior concerns regarding measurement and
generalizability and also provides an opportunity for an-depth examination of

heterogeneitiexhanges over timend the impactsf heatwaves



2.Data

2.1.Time use surveys

Data on sleep duration are from five waves of the Hungarian Time Use Survey (HTUS)
administered by the Hungarian Central Statistical Office. HTUS is a nationally representative
time use data collection. During a fat®face interview, one respondent per household
completes a time diaiiyp which they report their activitiesf the previous day (24 hoursThe

waves used in this paper are from 1976/1977, 1986/1987, 1993, 1999/2000, and 2088/2010.
waves follow an open diary design amdth the excepion of the 1993wave,covered a one

year period In three out of the five waves of the HTUS (1976/1977, 1986/1987, and
1999/2000), each respondent completed four diaries (one per sedsdtg. Al in

Supplementary Materials summarizes some important characteristics of the surveys

The analysis sample is restricted to adults (aged 18 and over). A few obsemyitiangssing
information on the exact date of the diary, education Jerdhabor force status are excluded.

In addition, as the effect of temperatures is identified from the variation in temperature exposure
within a particular county and calendar montiipservatios in county-by-yearby-month
SFHOOV' ™ ZLVIKdi@ies\ane algdkedcudedhe final sample coverk21,6 diaries of

46,58 individuals(Table A2, Supplementary Materialsjable A3in Supplementary Materials
provides a stepy-step summary of the sample selection process.

The main dependent variable is the sleep durafioreasured in minutgsvhich includes all
sleep and nap periods of the 24 holtrdas an average &3 minutes in the sampld éble
A4, Supplementary Materialsfwo additionaldependenvariablesaredefined (i) the time of
falling asleep and (ii) the wakep time.The first one is the start of the first sleep period after

19:00, the second one is the end of the last sleep period before 11:00.

2.2.Historical temperatureobservations

Information onambient temperatures drawn from the European Climate Assessment &

Dataset projectCornes et al. 2018TheE #©BS Z.0e dataset provides information on daily

(mean, minimum, and maximumgmperatures and other weather data for Europe with a
VSDFLQJ RI f1 f LQ UHIJXODU ODWLWXGHToeRy@MiedV XGH F|

dataare aggregatet the countfNUTS 3 region)evel by averaging the observed temperature

1 The selection of the person to be sampled from the household was done differently in each wave of the survey,
usually either by random selection by interviewers or by selecting a person with a predefined characteristic.
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measure$ For the main analysis, the following temperature categories were consfirocted
the daily mean temperaturesi5 f& H f& H f& A0 f& HA5f& R0 f& £5
f& 'f&

2.3. Temperaturehange in the 21st century

Information on the change in temperatures during the 21st ceafuoyn the latest version of
the NASA Earth Exchange Global Daily Downscaled Projections {(HBPDP-CMIP6)
(Thrasher et al. 2022This dataseprovides daily temperature projections for 221%0 and
retrospectively simulatelistoricaldata for the period 1952014 based on output fromhase
6 of the Climate Model Intercomparison Project (CMIPBhe spatial resolution of the
SURMHFWLRQV LV f i f

Projected temperature changes uniderr climate change scenariage considered5SSP12.6,
SSP24.5 SSP37.0,and SSPHB.5 scenarios2 1 HLO O H.\WSP12.6 assumes that GO
emission will be cut severetieclining to net zerm the 20Os This scenario is consistent with
OLPLWLQJ ZDUPLQJ WR fskceBturytdativeH@QIB5@ 900Y B$P24.5 is
RIWHQ ODEHOHOGthBVRD &P LGFHOHDULR ,W DVVXPHV WKDW FO
will be taken, but the C&emission will decline only after thaiddle of the centurySSP37.0

is a scenario with increasing @@missionduring the 21st centurywhereasSSP58.5 is a
worstcase scenario that assunvesy high greenhouse gas emiss@nd a foss#fuel-based
developmentProjections of twentyfour climate modelsire usedACCESSCM2, ACCESS
ESM1-5, BCGCSM2MR, CanESM5, CESM2, CMCESM2, CNRMCM6-1, CNRM
ESM21, EGEarth3, ECGEarth3Veg-LR, FGOALSg3, GFDL-ESM4, GISSE2-1-G, I[ITM-
ESM, INM-CM4-8, INM-CM5-0, IPSL-CM6A-LR, MIROC6, MIROGES2L, MPIESM1-2-
HR, MPFESM1-2-LR, MRI-ESM2-0, NorESM2LM, NorESM2MM .

To project the impact of climate changathin-model changes in the temperature distribution

are calculatedor each decade between 2020 and 20€fg 19962014 as a baseliné the

first step, daily temperature data are calculated by averaging the mean temperature for each day
over grid points within HungaryNext, the annual distribution ahe maintemperatue
categories (i5 f& ®H f& H f& A0 f& A5 f& R0 f& R5f& ! f&is

determinedor each decadend compared to the tempenatdistribution of the baseline period

2 According to the NUTS classification system, Budapest (the capital of Hungary) is a county in its own right, so
the country is divided into 20 counties.
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L i & (1)

whereo stands for the SSP scenario (S&4, SSP2.5, SSP#.0, and SSRB.5),| denotes
the climate model, ang denotes the decade (from the 2020s to the 2090is)tHe annual
number ofdays when the daily mean temperature falls into temperature cajegdrgreas

denotes théaseline annualaluefrom the 19902014 period.

3. Methods

3.1.The effect oflaily meantemperature
To identify the effect oflaily meantemperatures on sleep duration, the following equasion

estimated

~ h ~ . . ~ . .
gawkt!— Ah>h akaE Ai @ e|1wkbE Aj N {awkbE A gawklE kaE %awkb (2)

S is the sleep duration (in minutes) of individuia countyc, in yeary, monthm, and dayd. T

stands for temperature bind.is the coefficient of interest and shows the effect of daily mean
temperature falling in temperature Qion the sleep durationn the main specificatiorthe

effects of seven temperature categosiesestimated@”i5 f& H f& H f& HA5f& =+

20 f& 25f& !f& FRPSDUH G f\W& RGIDis is a flexible estimation strategy.

7KH RQO\ UHVWULFWLRQ LV WKDW WKH HIIHFW-wRé WHPSH

temperature bins.

P denoteghedaily amount of precipitation (0 mm;®mm, 35 mm, 510 mm, >10 mm)while

H stands for relative humidity "60%, 5060%, 6070%, 7080%, >80%) A series of
characteristics othe respondenand the interview days also included(X): gender age
category (<20, 2B0, 3%40, 4150, 5360, 6170, 71), education (primary, vocational, high
school, tertiary), labor markestatus (employed, unemployed, on maternity leave, student,
retired, other), hous®ld size (1, 2, 3, 4, 5, 6+4Jayof-week (Monday, Tuesday, Weesday,
Thursday, Friday, Saturday, Sunday), and an indicator of public holiGaysity-by-yearby-
month fixed effects {) controls for unobserved locatiday-time-specific factorghat influence
sleep.It effectively means thatach county is allowed its own leye&lonlinear trendand
seasonalityn sleep durationThus the effectf temperatures are identified from theriation

in daily temperatures within a county antbnth



The regression is estimateding an individual weight that adjusts tbee unequal inclusion
probabilities (provided by the HTUS) combined with another weight that transforms every
ZDYHTYV 1TheBl4amard errors are clusterethaicountyand individualevels (twoway

clustering)

3.2. Theeffectof climate change

7KH HIITHFWV RI FOLPDWH FKDQJH DUH FDOfot@&Ep @l E\ PXO
the projected withirmodel temperature changéom Eq. (1) ~7. Uncertainty in the
UHODWLRQVKLS EHWZHHQ WHPSHUDWXUHY DQG VOHHS GX
coefficient estimates200 times, sampling with replaceme(Burke et al. 2015)As a result,

several projectionare calculated as follows:

“mjel A r:]wje (3
whereb stands for the bootstrap sample20),o stands for the SSP scenai&5f12.6, SSP2
4.5, SSP3.0,and SSPB.5),| denotes the climate mod@# in total) andg denotes the decade
(from the 2020s to the 20903)hat is, the”Ss show theprojectedchange irsleepdurationper
person per yeatue to changsein temperature distribution compared to 12914 The results
are presented separately for SSP scermoade pairssofor each SSRcenariedecade pajr
4,800 possible projection$24 climate modelsi 200 estimates of the temperatsieep
relationship)areanalyzedthus capturing both climate uncertainty and regression uncertainty.
In the empirical analysishe median, the interquartile range, and the middle 95% ££4h&00
projectionsare calculad for each SSP scenario and decade.

The impacts by calendar month are examined by using projected temperature changes for each

month:
‘miekl An5 ek (4)

whereb stands for the bootstrap sampbestands for the SSP scenaifia@enotes the climate
model,g denotes the decade, amdienotes the calendar month.

4. Results

4.1.Main resultsand robustness
Figure 1 shows theeffects ofdaily meantemperature on sleep duraticd@ompared to the

reference temperature£5 f & F R@pérHEtUres do not influence sleep duratibmwever,
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hot temperaturghave detrimental effectespecially byond 5-20 f &The effect of a 2@5
f &s 6.3 minutes, whereathe effect of a>25 f & GiP 1124 minutes Compared to the
average sleep duration B13.2 minutes(Table A4, Supplementary Materials)hese values
represent a decrease 02%.and2.4%. The patten of the temperature coefficienssiggests
that the marginal effect of temperaturénisreasingCompared to the 18  f &angewhere a
f& LQFUHDVH LQ WHPSHUDWXUH GHFUHDY khiviutés@idHS G XU
marginal effectncreases fourfollE H\R Q G. f&

Minutes

<-5 -5-0 0-5 5-10 10-15 1520  20-25 >25
Daily mean temperature (°C)

Figure 1. The effect ofdaily meantemperature on sleep duration

The circles are the coefficients estimated using Eq. (Zhe reference temperature is5 f& 7KH
shaded area represents 95% confidence intervals computed using standard errors clustered at the
countyand individuallevels. The model has controls farecipitation humidity, the characteristics

of therespondent and the interview dayefider age, education, labor market status, household size,
day-of-week, public holiday), and county-yearby-month fixed effectsN =121,670.

Similar patters are obtainedwhen estimatinga restricted cubicspline rgressionor using
narrower 2 f &ide) temperatureategoriegFigure2). Below the reference temperature, no
sizeable effects are observed, lanthighertemperatureevels sleep durations reduced
Importantly, in both casesthe marginal effectappearsto be higher at extremely hot

temperatureshan just above the reference poifibe conclusionsremain the samé daily



maximumor minimum temperaturas used in place of daily mean temperat(ffeggure Al,

Supplementary Materials)

0 / 0

Minutes
Minutes

-20 -20

-30+ -304

-40- -40-
-15 -10 -5 0 5 10 15 20 25 30 <-6-5-3 -1 1 3 5 7 9 11 131517 19 21 23 25>26
Daily mean temperature (°C) Daily mean temperature (°C) - midpoints

Figure 2. Estimations applying a cubicpolynomial spline function and using narrower
temperature bins

(A) The estimates come from restricted cubic spline functionssiitknots. The reference temperatures are
f 8) 2 f &ide temperature binshe lowest category i5i6 f Land WKH KLIJKHVW FDW&lJRU\ LV !
reference temperature ist6 f &he moded have controls forprecipitation,humidity, the characteristics of
the respondent and the interview dggrider age, education, labor market status, household sizexfdagek,
public holiday), and countpy-yearby-month fixed effects. The shadedea represent 95% confidence
intervals computed using standard errors clustered at the canchindividuallevels. N = 121670.

The sensitivity of the resulis exploredby a series of robustness testgluding the use of
different fixed effectsexclusion of control variableslternative methods for clustering the
standard errors, and excluding extremely short (<4 hours) and long (>12 hoursjuskdem
(Table A5, Supplementary Materiald)lone of these changes alter the conclusions.

There may be a concettmat ambient temperatures could influence patrticipation in the time use
survey. On cold or hot days different respondents might be available which could bias the
estimated effects his possibilityis investigated bysing the observable characteristics of the
respondentss the outcome variable of intere$he resultsdemonstrateW KDW UHVSRQGH
characteristics do not chang®nsiderablywith temperatureqTable A6, Supplementary
Materials) Only a few coefficients are statistically significant at the 5 percent (Euwalout of

sixty-three) and no clear temperature patterns are obseiwedddition, as shown above,
removing individual controls does not affect thenclusions Table A5, Supplementary
Materials). These results suggest that gstimatedrelationship between sleep and ambient

temperatures unlikely to be driven by an endogenous selection of respondents.
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Next, a falsification test is performed rule out that unmeasured seasdaatorsdrive the
results. Specifically e temperature variables are replaced with temperature measured exactly
one yeaafter the completion of the timese diaryCurrent sleep duration should not be affected

by the temperatureof the distant futuretherefore, zero coefficients are expected in this
estimation.Indeed, the estimated temperature coefficients are practically zero and all of them

are statistically insignificant at the 5 percent lgWgure3).

OLQXWHYV

Ii iI T T T T T !I
'DLO\ PHDQ WHPfRHUDW XUH

Figure 3. Falsification test with future temperatures

Estimates based on temperature values measured one year after the completion of the time use diary.
The circles are theemperatureoefficients( ). The reference temperature is5 f& 7KH VKDGHG
area represents 95% confidence intervals computed using standard errors clustered at theccounty
individuallevels. The model has controls for future precipitatiiiure humidity the characteristics

of the respondent and the interview day (gender, age, education, labor market status, household size,
day-of-week, public holiday), and county-yearby-month fixed effects. N 421,670.

In three out of the five waves of the HTUS, each person completed four diaries (one per season),
which allows for the inclusion of individual fixed effects. In this way, not only the observed
characteristics of the individuals can be controlled for, dupetisonspecificfactorsthat do

not change during the survey yea@hese fixed effects control for all unobservadividual
characteristics except, for example, sudden changes in healthAlidtoisgh a sizeable portion

of the sample is excluded frothis estimationjncluding individual fixed effectsdoes not

change the main patterns of the temperasigep duration relationsh{gigure4).
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Figure 4. Temperature coefficients from a model withindividual fixed effects

The circles are theemperaturesoefficients (). The reference temperature is5 f& 7KH VKDGHG
area represents 95% confidence intervals computed using standard errors clustered at taeccounty
individual levels. The model has controls for precipitatidmimidity, the characteristics of the
respondent and the interview day (gender, age, education, labor market status, household size, day
of-week, public holiday), countpy-yearby-month fixed effects, and individual fixed effects. The

wave of 1993 an@009/2010 are excluded, as only one diary was completed by each respondent. N
=101,623.

As alternative outcome variable®ur binary indicators are used shiagy whether the total
sleep time is less than 6 hours, between 6 and & Hmiween 8 and 9 hours, or at least 9 hours
(Figure A2, Supplementary MateriglsThe results of these estimations suggest ket
increases not only the chance of short sleep durhtibalso the chance of a healthy length of
sleep.At the same time, the chance of long sleep duration (at least 9 hours) is significantly

reduced by highkemperatureCold temperatures do not affect these outcomes.

Finally, the impact of heatwaves is examinAdheatwave is defined in two ways. The first

definition is a period of at least three consecutive days where the daily mean temperature
H[FHHG\Accofdingy KHDWZDYH GD\V DUH WKRVH ! f& GD\V WK
WZR RWKHU ! 7Kft& \DRRQG GHILQLWLRQ LV WKDW D KHDWZI
preceded by at leasksRXU RWKHU G D\Viahlee & YrtHSupplgngdentary Materials
summarizes thseestimatiors. Most coefficients areirtually identical to baseline resuksown

inFigurel EXW ! f& GD\V DUH GLVHQWDQJOHG L Qh¥aRvaneZ R JUR X
days. ([ WUHPHO\ KRW ! f& GD\V WKDW DUH QRW SUHFHGHG
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sleep by 1.4 minutes while the effect of a heatwave dfyreceded by at least two otBeis

i14.1. Although this difference seems to be fayligible, itis notstatisticaly significart at

any conventionallevel (p = 0.57). However whenheatwave day are defined abkot days
preceded by at leaftur otherhotdays the effect oheatwave dagjis statistically stronger than

the effect of norheatwave daywith ! f & PLOQXWHY YV |ip=0@®LQXWHYV

As these results suggdbatthe effecs of temperaturdins belowthe reference categogre
practically identicalin the next sections, more parsimonious modetsestimateavhere the

lowestthreetemperature bins are merged

4.2. Temporal displacemertheterogeneityand further results

Theresultsof the previous sectioshow that people suffer sleep loss on hot daystheuteat

might affect sleep duration on the subsequent days too. Some may sleep more on the following
days to make up for lost sleeput it is also possible thaxtreme heat might hawsedelayed
negative impact orsleep duration. To check these possibilities, lagged temperatees
includedfrom the previous two day3he results sugge#tat previouslays ftemperaturedo

not influence sleep duratiorFigure A3, Supplementary Materials)Vhile the effects of
contemporaneous temperatures (lag 0) replicate the baseline findings, the coefficients of the
lagged temperatures are statistically insignificant and much smaller without any meaningful
pattern. It is especially apparent for the two highest temperature categdéviesmilar
conclusion is obtainedvhen including lagged temperatsrep to six days (Figure A4,
Supplementary MaterialsThe sum of the six lags is nstatisticallydifferent from forany
temperature categarywhereasthe sum of the contemporaneous and lagged temperatures

replicates the baseline patteFigure A5, Supplementary Materials).

Next, the heterogeneity in the effects of temperatusesxplored Specifically,a series of
eguatiors are estimatedthat are based on Eq. (2) batwhich the interactions between the
temperature variables and the categorical variable represéntimgrkdaysandholidays (ii)
education groupgiii) age groupsor (iv) females and malesre includedimportant insights
emerge from these resu(&igureb). First, the estimated effectsf extreme heat (>25 &lays)

are much stronger on weekearahd public holidayg i31.0 minutes)than on workday$ i4.2
minutes) As sleep duration isonstrained by rigid schedules on workddys towork, school,

or other compulsory dutiethere is less room for an external factor to disturb sleegpntrast,
bedtime and wakep time are less constrained on holidays, so the role of an external

disturbancecan be more pronouncedsecond,individuals with low education seem to be
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slightly more affected by exposure to hot temperatures than individuals with high education
although the differences do not reach the level of statistical significihoe, older people
seem to suffer larger sleep loss due to expasuextreme heahan young and middiaged
individuals. The effect of a >25f &layis i28.4 minutesamong 61 years old or oldei9.1
minutes amond@1-60 years oldand i5.1 minutes amon@d8-40 years oldAlthough this data
does not allow to specify the reasons behindaterelated differences, previous research
showed that aging is associated with more fragile glstgmder, Winer, and Walker 2017)

Finally, the negative effects of hot temperatures are stronger among males than among females.
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Figure 5. Heterogeneous effectef temperature on sleep duration

The circles are théemperaturecoefficients (). The reference temperature i5 f& 7KH VKDGHG DUHD
represents 95% confidence intervals computed using standard errors clustered at tharnzbimdividual

levels. (B) Low education sprimary schoaql high education ssecondary schoair college education. (C)

Young = 1840 years old, middlaged = 4160 years old, older = 61+ years olthe modes havecontrols for
precipitation,humidity, the characteristics of the respondent and the interview gy, age, education,

labor market status, household size,-d&yveek, public holiday), and county-yearby-month fixed effects.

The formal tests of the differences between the coefficients arensh@upplementary Material3:able A8

(panel A),Table A9 (panelB), Table ALO (panelC), andTable All (panelD). N =121,6D.
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Heterogeneity over time, or imther words, adaptation is also exploregigire A6,
Supplementary MateriglsThe results of this exercise suggest that the effebeaf has not
changed during the thirfjve years of this analysis. The effect of a >R&lay is i11.8 minutes
during the first three waved976/1977, 1986/1987, 1998nd i12.3 minutesn the two more
recent wave$1999/2000, 2009/20)0

Figure6 examines how temperatures influence the tim@akingup andgoing to bedWake
up is defined as the end of the last sleep period b&fio®, whereas the time gbing to bed

is the start of the first sleep period after 19:00. Looking at the graph, one can see that the time

of waking up is much more influenced kyot temperatures than the time gding to bed

However, itmustbe noted that the time gbing to beds likely to be different from the time

of falling asleepRespondentof the time use surveys are likely to report the time of going into

bedrather than the actual time of falling asleepgn ifthe corresponding time spé&llabeled
as a sleep eventkven if heat delays the time it takes to fall asleep, this canrmlidsrved in
time use surveys, only the effect on bedti@ensequentlyi-igure6 providessolid and credible
evidencdor the effect of temperature on the timenakingup. The time of going to beseems

to be notinfluenced by temperature.

A Waking up B Going to bed
104 10
54 5
DEL ® 0{ T
I ©
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Daily mean temperature (°C) Daily mean temperature (°C)

Figure 6. The effectsof temperature on the time of wakng up and going to bed

The circles are théemperaturecoefficients (). The reference temperature is5 f& 7KH VKDGHG
represent 95% confidence intervals computed using standard errors clustered at themduntividual

levels. Dependent variable: (A) time of wiag up, (B) time ofgoing to bed The model has controls for
precipitation,humidity, the characteristics of the respondent and the interview giydér age, education,
labor market status, household size,-d&yveek, public holiday), and countyy-yearby-month fixed effects.

The wave of 1976/77 is not included ths total daily sleep duration is availabi¢he datasetithout specifics

on the sleep spelldl =96,213 (A) and 95081 (B).

15

DUHD\



Finally, the effects on night and daytime slesme explored (Figure A7, Supplementary
Materialg. Night sleep is defined as sleep time betw26r00and 759, while day sleep is
defined as the sleep time between 8:00 &468&%9. These results show that the effect of
temperature on total sleep time is driven by the effect on night sldep.temperature
coefficientsfor daytime sleep ar@ose to zeramportantly, theestimatedeffect of a 25f &lay

on daytime sleep i$1.6 minutes, which means theanight's sleep disrupted by heanhnot be
compensated for by a longer daytime nap.the contraryif there is an effect, daytime sleep

is also reduced because of the heat.

4.3. The impacts of climate change

Under the assumption that future sleep duration will be influenced by tempenatargmilar

way as sleep duration bBadeen influenced by them in the pdsbmewhat justified by the
adaptation resylt the change inannualsleep durations projectedin response talimate
changeinducedwarming The projections are made separately for the four SSP scenarios and
show estimates for each of the remaining decades of the 21st century. The projections are based
on data from twentjour climate models and the historical relationship between temperature
and sleep(the uncertainty of which is captured by 200 bootssappley The baseline period

to which the future temperature distributions are compared is2@8D

Figure7 shows the projections for the 2050s and 2090s, vigare A8 in Supplementary
Materials shows the results for all decaddse median projectiorsuggest considerable sleep
lossalreadyfor the middle of the century under each SSP scenario, compared t@AB90
For the 2050s,he ptal annual sleep logger persordue to warming i8.7 hours in the SSR1
2.6 scenario4.2 hours in the SSP2.5 scenario5.3 hours in the SSR3.0 scenario, anf.4
hours in the SSP8.5 scenario. By thend of the century, the median projection in SQFL
does not change considerabliB.7 hours(the middle 95% of the projectionsi0.7 +i10.0
hours). In the other three scenarios, the median projectiares steadily increasing.
Consequently, they asggnificantly larger by the 2090$6.7 hours(middle 95%:i1.7 £i13.9
hourg in the SSP21.5 scenarip i10.4 hours(middle 95%:i3.9 +i20.1 hour$ in the SSP%.0
scenarigand i14.0 hours(middle 95%:i4.7 £i26.0) in the SSP%.5 scenarioAlthough there
are differences between the individual projectjombich are captured by the wide range of
projected impactsalmost all of them predict a nonnegligible average annual sleep loss
especially under the less optimissicenarios
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Figure 7. Projectedannual sleep losgor the 2050s and 2090s

The changes are calculated using the projected wititide! differences in temperature distribution between
19902014 and each decade in the 21st century and the estimated effect of temperatures on sleep duration
(estimated by00 bootstrap samples). The boxplots show the distribution of the projections: the medians, the
interquartile ranges, and the middle 95% of the projections.

Figure A9 in Supplementary Materialshows the projected impacts for the 2090s by calendar
month. Most of the projected annual sleep loss is concentrated in the summer and early autumn.
Under all SSP scenarios, the median projections are practically zero for the winter months,
whereas aroun@0-80% of the annual sleep losses occur between June and September. The
median projectionsf the total sleep loss over these four moratesi3.2 hours (SSP-R.6),
i5.5hours (SSP2.5), i8.3 hours (SSPZ.0), andi1l0.6 hours (SSP#8.5) per person. In terms

of daily sleep loss, these projections represén® minutes(SSP12.6) and i5.2 minutes
(SSP58.5) per person per day. In relative terms, these corresporahily aleep loss of 3%

and 10%, respectivelyBut the uncertainty of thprojectionsis quite wide. E.g.,the middle

95% ofprojectionsfor SSP58.5are betweeril.7 and i10.2minutes.

These projections fail to take into account the possible heterogeneous impacts of climate
change although different groups in society may be affected in significantly different ways by

a warming climatelFigure8 shows the mjectedannualsleep loss for the 2090s by agreup.

As shownearlier,the elderlysuffergreatersleep loss due to exposuoehigh temperaturglan

young and middlagedadults and are therefore projected to be more severely affected by
climate changeéAccording to the median projectionketpredicted sleep lossfor older people

is about 4.5 times greater than for the migaljed and 9 times greater than for young adults.
For example,n theworstcase scenari(5SP58.5), the annual sleep lo$sr 1840 and 4160

year oldss 4.2 hours and 8.1 hajrespectively, compared to 37.6 hours for older people.

17



A SSP1-2.6 SSP2-4.5 SSP3-7.0 D SSP5-8.5
10- 10- 101 10
Ot —— g~~~ = - 0tbr——-p--——-—- 0_,_T,, -F--- o—rT— T---
1 T ) e == = == =
10 - 10 L i o4 | 1 to1 ]
201 l 20+ = 20 T -20- J_ ‘[

Hours per person

—
Young Middle-aged Older
Age category

Hours per person

|

—
Young Middle-aged Older
Age category

Hours per person

—
Young Middle-aged Older
Age category

Hours per person

2304
-40
-50
-60 -
-70-

—
Young Middle-aged Older
Age category

Figure 8. Projectedannual sleep losgor the 2090sby age

Young = 1840 years old, middikaged = 4160 years old, older = 61+ years old. The changes are calculated
using the projected withimodel differences in temperature distribution between 28380 and 2092099

and the estimated effect of temperaturesleapsduration (estimated 200 bootstrap samples). The boxplots
show the distribution of the projections: the medians, the interquartile ranges, and the middle 95% of the
projections.

During the 21st century, not only the number of hot days but also the number of consecutive
hot days (heatave days) will increase sharplyt has already been shown that the effect of
theseheatvave days on sleep can be stronger than that éfcamal” hot day.lIt is perhaps

worth pointing out that, taking into account the impact of these days and the future change in
their number, therojectedimpact of climate chang®r the 20909s muchstronger than the
baselingorojection €onsidering the median pextions). In the SSP58.5 scenario, the median
projection is i22.7 hourswhen heatwave days are taken into acco(fFigure ALQ,
Supplementary Materials), compared to iid.0 hourf the baseline modshown inFigure

7. The median projections f@SP12.6, SSP24.5,andSSP37.0are 1 hours, 2.3 hours, and

5.1 hours stronger than the baseline approach, respectively.

5. Discussion and onclusion

Based onnationally representativéime use survey dataf a European country with a
continental climatethis paper provides evidentteatambient temperature has a considezabl
effect on sleep duration. Thestimatedrelationship is highly nonlineaCompared to a mild

f& VOHHS GXUDWL RtQe doM. lpRaverad tadliz ivddrG  E \

temperatures risesleep duration starts to decreabke impact of a extremelyKRW ! f&

temperature (5

dayon daily sleep duratiois i12.4minutes.For the current adult population of Hung4ng

million), it means that an extremely hot dagults in a total of.65million hours of lost slegp
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compared to a day with a daily mean temperature-of 5f &ven compared to a non
extremely hot day (20 f &  tdfddteep loss i9.8 million hours RQ ! f & The\
effect of hot temperatures especially large on weekends and public holidays, for older
individuals, and for malesmportantly,there is no evidence for tisbortrunrecovery fronthe
temperaturenduced sleep deficit Combining the estimated temperature effects with
temperature projections of twerfyur climate modelst is found that the warming climate will
decrease sleep duration during the 21st century. The median projectioims 2000s range
betweeni3.7 and i14.0 hours per person per year under the four SSP scenarios considered in
the analysiswhile taking into account heatwave days they range betive@mndi22.7 hours

This sleep loss is mostoncentrated in the summer months. This study also showsldea

people are projected to be much more affected than average by climate change.

The estimateceffectsof temperatureand climate changare nonnegligibleand might lead to
further consequence®revious studieshat leverage exogenous variation in sleep provide
evidence that even a minor disruption in sleeping paterna small amount of sleep
deprivation can lead to substantial consequertdasie of thespapers analyze thenpactof
Daylight Saving TimeAt the spring transition, clocks are moved forward by one hour, which
results ina decrease of 460 minutesof sleep(Lahti et al. 2006; Barnes and Wagner 2009)
This leads to increases ithe number of fatal car accidents, workplace injuresd the
incidence of myocardial infarctigfBarnes and Wagner 2009; Toro, Tigre, and Sampaio 2015;
Smith 2016; Manfredini et al. 2018; Fritz et al. 2020; Osb&@hgastenson 2022)and a drop

in general welbeing(Kountouris and Remoundou 201After the transition in the fall, similar
effects with the opposite sign are observed in some st(iireand Ziebarth 2020although
others fail to establish any relationsi{kritz et al. 2020; Osborr€hristenson 20220ther
papersexaminevariation in the timing of natural liglgcrossor within time zoneghat causes
small differences in total sleep timén analysis of U.S. datinds that a regular loss of 19
minutes of sleep per ddnas negative effegebn weight, diabetes, cardiovascular diseases, and
income (Giuntella and Mazzonna 201%nother papershows that both a shortrun anda
permanenincrease in weekly sleep increase earn{@bkson and Shrader 2018esults based

on Indian(Jagnani 2022and Chinesé€Giuntella, Han, and Mazzonna 201dgta show that
later sunset time and the resulting loss of sleep reduces testiadbieshortrun and years of
education in the longun, decreases cognitive skills and exacerbates depression symptoms
Geographical position within a time zone alisturbancef circadian rhythm alsaffectcancer
risks(Gu et al. 2017; VoPham et al. 201B) sum, these studies show tlaaslight butregular
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loss of sleeffwhich isaliketo thepotentialeffects of climate chang&ads tesubstantiahealth
and labor marker effectfut evenan occasional shock teleep durationcan causenon
negligibleimpacts.

In light of the results of these studiskeep loss due to exposurehtmt days +and especially to
heatwave day tand a warming climate may have roegligible consequences on a wide range
of outcomes, including health, cognitive performaraoed general welbbeing. These effects
can be particularly significant for older people.

Climate changenduced sleep logs likely to have sizablenacroeconomiconsequencedhe
economic cost of poor sleep is already high. A study in Australia estimate the annual cost of
inadequate sleep at 45.2 billion US ddlar 20162017 (Hillman et al. 2018)Another study

finds that 681.2 billiotJS dollas arelosteach yeadue to insufficient sleep across five OECD
countries(USA, Canada, Japan, Germany, UK)the early 2010¢Hafner et al. 2017)In
addition, a recent study estimates tihatcosts of insufficient sleep duration in Canada in 2020
were502 million Canadian dollar(Chaput et al. 2022 heexpectedleep loss due to climate

change will further increase these economic burdens

Theresults of this papesire animportant contribution to theastliterature that analyzashe

effects of temperature and climate change on human soc{&edk Jones, and Olken 2014; T.

A. Carleton and Hsiang 201 @) cludingthe effects oproductivity(Burke, Hsiang, and Miguel
2015b; Zhang et al. 2018; Miller et al. 2021; LoPalo 2022; Heyes and Saberianc2@@®jve
performancBearning(Graff Zivin, Hsiang, and Neidell 2018; Cook and Heyes 2020; Garg,
Jagnani, and Taraz 2020; Graff Zivin et al. 2020; Park et al. 2020; Park, Behrer, and Goodman
2021; Park 2022)aggression/criméS. M. Hsiang, Burke, and Miguel 2013; Ranson 2014,
Burke, Hsiang, and Miguel 2015andhealth '"HVFKrQHVY DQG ORUHWWL % D\
et al. 2012; Gasparrini et al. 2015; Mora et al. 2017; White 2017; Karlsson and Ziebarth 2018;
Agarwal et al. 2021; Hajdu and Hajdu 2021; T. Carleton et al. 2022; Conte Keivabu 2022;
Hajdu and Hajdu 2023)Sleep may be one of the channels through whedit andclimate
change affect human healirerformanceand behavior.

Someimportant featuresf this study should be taken into account whssessinghe results.
First, time use idries measure sleep duration witome bias As mentioned beforesleep
periods in the diaries are more likely to correspond to the time spent in bed rather than actual

sleep. If heat affeci@ncreasesihe time it takes to fall asleep, then the effects on sleep duration
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areunderestimatedsecondsleep qualitymight beas important for many health outcomes as
sleep durationTo get complete knowledggboutthe effect of ambient temperature on sleep,
thecharacteristics of sleep other than duragannot be ignored hird, the time use data allow

a relationship to be establishbdtween temperature and sledyration, but other data are
needed to explore the mechanigfourth, the assumptions behind the projection of the impact

of climate change must be made clealldwing the literatur¢Obradovich et al. 2017; Minor

et al. 2022pndgiven the results of the present study on adaptaterprojectiongssumehat
therelationship between temperature and sleep duratitbie similar in the future as it has

been in the pasthe projected impacts can be considerealtsnchmark. However, the impact

of climate change can be influenced by a number of factdptation may occur in the future,
which couldmitigatethe impactof climate changeOtherfactorsmight lead toan amplified

impact of climate changdn the future, not dg will the number of days with average
WHPSHUDWXUHY DERYH f& LQFUHDVH EXW DOWR WKH D
marginal effect of temperature seems to be increategeffecof D ! f & is3ikely to be
substantially larger in the next decades. In addition, temperature extremes that are beyond
human experience are likely to occur during the centlihe effects of unprecedented

temperature extremes candmpeciallystrong.

The findings of this study imply that policymakers should design strategies to mitigate the
sleeprelated threats of heat and climate change, particularly among pedeie.Raising
awarenes®f the effect of heabn sleep mayead to individual actionsut planning athe

societal level may also be needed to effectively mitigate the negative effects of future heatwaves

and a warmer climate.
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Figure Al. Estimations using daily maximum and minimum temperatures

7KH HVWLPDWHYVY FRPH IURP UHVWULFWHG FXELF VSOLQH IXQFWLRQV ZL
$ DQG f& % 7KH P R GpfiOipiabov hBErRid)y\the RItNctieRdtics of the respondent and the

interview day ¢ender age, education, labor market status, household sizepfdagek, public holiday), and

county-by-yearby-month fixed effects. The shaded area represents 95% confidence intervals computed using

standard errors clustered at the couarty individuallevels. N =121,67.
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Figure A2. Binary outcomesindicating different sleep durations

The circles are theemperatureoefficients (). The reference temperature ig5 f& 7KH VKDGHG DUHDYV Ut
95% confidence intervals computed using standard errors clustered at thearwlimijividualevels. The moded

have controls for precipitationdjumidity, the characteristics of the respondent and the interview day (gender, age,
education, labor market status, household sizeoflayeek, public holiday), and countyy-yearby-month fixed

effects. N =121,60.
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Figure A3. Testing nearterm displacement

Estimation including two temperature lagshe circles are the temperature coefficights The

reference temperature istb f& 7KH VKDGHG DUHDV UHSUHVHQW FRQILGHQFH L
using standard errors clustered at the couatd individual levels. Lag O shows the

contemporaneous effects, whereas lag 1 and lag 2 the effects of temperatures of the two previous

days.The model has controls feapbntemporaneous and lagga@cipitatiors, contemporaneous and

laggedhumidity, the characteristics of éfrespondent and the interview dgerider age, education,

labor market status, household size,-d&yeek, public holiday), and countyy-yearby-month

fixed effectsN =121,670.
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Figure A4. Including lagged temperatures up tcsix days

Estimation including six temperature lagehe circles are the temperature coefficiefts. The reference
temperatureis® f& 7KH VKDGHG DUHDV UHSUHVHQW FRQILGHQFH LQWH!I
clustered at the countgnd individual levels. The model has controls fotontemporaneous and lagged
precipitatiors, contemporaneous and lagdgaamidity, the characteristics of the respondent and the interview day

(gender age, education, labor market status, household sizeyfdagek, public hbday), and countyby-year

by-month fixed effectsN =121670.
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Figure A5. The cumulative effect of exposure to ambiertemperature

Estimation including six temperature lags) Sum of the coefficients on the lagged temperature variables. (B)

Sum of the coefficients on the contemporaneous and lagged temperature vartableserence temperature is

5+ f& 7KH VKDGHG DUHDV UHSUHVHQW FRQILGHQFH LQWHUYDOV FF
county and individual levels. The model has controls for contemporaneous and lagged precipitations
contemporaneous and laggeamidity, the characteristics of the respondent amdititerview day gender age,

education, labor market status, household sizepflayeek, public holiday), and county-yearby-month fixed

effects. N =121670.

Figure A6. The effect of temperature onsleep duration over time

The circles are the temperature coefficien)s The reference temperature is5 f& 7KH VKDGHG
area represents 95% confidence intervals computed using standard errors clustered at theccounty
individual levels. The model has controls for precipitatidmymidity, the characteristics of the
respondent and the interview day (gender, age, education, labor market status, household size, day
of-week, public holiday), and county-yearby-month fixed effects. N 421,67.
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Figure A7. The effects of temperature omight and daytime sleep

The circles are théemperaturecoefficients (). The reference temperature is5 f& 7KH VKDGHG DUHD\
represent 95% confidence intervals computed using standard errors clustered at themduntividual

levels. Dependent variable: (Agleep time betweeR0:00and 759, (B) sleep time betweed:00 and 19:59.

The model has controls for precipitatidrumidity, the characteristics of the respondent and the interview day

(gender, age, education, labor market status, household sizef-dagk, public hbday), and countyby-year

by-month fixed effects. The wave of 1976/77 is not included, as the total daily sleep duration is available in

the dataset without specifics on the sleep spells98676.
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Figure A8. Projected sleep loss during the 21st centufpr each decade

The changes are calculated using the projected witluidel differences in temperature distribution between
19902014 and each decade in the 21st century and the estimated effect of temperatures on sleep duration
(estimated by200 bootstrap samples). The boxplots show the distribution of the projections: the medians, the
interquartile ranges, and the middle 95% of the projections.
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Figure A9. Projected sleep loss by calendar month for the 2090s

The changes are calculated using the projected witluidel differences in temperature distribution between
19902014 and 2092099 and the estimated effect of temperatures on sleep duration (estima28@ by
bootstrap samples). The boxplots show the distribution of the projections: the medians, the interquartile ranges,

and the middle 95% of the projections.
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Figure A10. Projected sleep loss for the 209@®nsidering the effects of heatwave days

HHDWZDYH GD\ LV D GD\ DERYH f& SUHFH G H.Ghé&dhdnyés @reldauiitddrk X U RW K H
using the projected withimodel differences in temperature distribution between 28380 and 2092099

and the estimated effect of temperatures on sleep duration (estimat@d byotstrap samples). The boxplots

show the distribution of the projections: the medians, the interquartile ranges, and the middle 95% of the

projections.
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Tables

Table Al. The main characteristics of the time use surveys

1976/1977 1986/1987 1993 1999/2000 2009/2010
Survey time spar 1976/11/01 1986/03/01 1993/02/01 1999/09/01 2009/10/01
1977/0/31 1987/03/08 1993/05/30 2000/09/06 2010/10/21
Age range 1569 1579 1879 1584 10-84
Time diariesstart 00:00 00:00 00:00 04:00 04:00
N of diaries 24,507 39,617 11,174 43,172 8,391
N of individuals 6,639 10,732 11,174 11,416 8,391
Type of diary Open Open Open Open Open

Table A2. Number of diaries and individuals in the analysis sample

Wave N of diaries N of individuals
1976/1977 23,594 6,405
1986/1987 37,149 10,164
1993 11,108 11,108
1999/2000 42,023 11,113
2009/2010 7, 7%7 7,7%

Total 121,60 46,5%
Table A3. Sample selection by steps
N of diaries
Raw dataet 126,861
Excluding less than 18 years old 122,347
Excluding observation with missing value 121,753
Excludingcounty-by-yearby-month 121 670

SFHOOV  ZLWK OHVV WKELC
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Table A4. Descriptive statistics

Variable Mean SD Min Max N
Sleep durations (minutes) 513.18 10429 0 1440 121,60
'DLO\ PHDQ WHPES
"5 0.03 0.17 0 1 121,670
i5to 0 0.12 0.33 0 1 121,670
Oto5 0.17 0.38 0 1 121,670
5to 10 0.18 0.38 0 1 121,670
10to 15 0.16 0.36 0 1 121,670
15to 20 0.20 0.40 0 1 121,670
20 to 25 0.12 0.32 0 1 121,670
>25 0.02 0.15 0 1 121,670
Daily precipitation (mm)
0 0.69 0.46 0 1 121,670
Oto3 0.15 0.36 0 1 121,670
3to5 0.06 0.4 0 1 121,670
51010 0.06 0.25 0 1 121,670
10+ 0.03 0.17 0 1 121,670
Age
-20 0.05 0.22 0 1 121,670
21-30 0.17 0.38 0 1 121,670
31-40 0.19 0.39 0 1 121,670
41-50 0.19 0.39 0 1 121,670
51-60 0.18 0.38 0 1 121,670
61-70 0.15 0.35 0 1 121,670
71 0.07 0.25 0 1 121,670
Education
Primary 0.47 0.50 0 1 121,670
Vocational 0.19 0.39 0 1 121,670
High school 0.24 0.43 0 1 121,670
College/university 0.10 0.30 0 1 121,670
Labor force status
Employed 0.55 0.50 0 1 121,670
Unemployed 0.04 0.20 0 1 121,670
Maternity leave 0.03 0.18 0 1 121,670
Student 0.03 0.17 0 1 121,670
Retired 0.29 0.45 0 1 121,670
Other 0.05 0.22 0 1 121,670
N of household members
1 0.10 0.30 0 1 121,670
2 0.26 0.44 0 1 121,670
3 0.23 0.42 0 1 121,670
4 0.24 0.43 0 1 121,670
5 0.09 0.29 0 1 121,670
6+ 0.05 0.22 0 1 121,670
Unknown 0.01 0.11 0 1 121,670
Day-of-week
Monday 0.14 0.35 0 1 121,670
Tuesday 0.14 0.35 0 1 121,670
Wednesday 0.14 0.35 0 1 121,670
Thursday 0.14 0.35 0 1 121,670
Friday 0.14 0.35 0 1 121,670
Saturday 0.14 0.35 0 1 121,670
Sunday 0.14 0.35 0 1 121,670
Public holiday 0.02 0.15 0 1 121,670

Weighted figures.
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Table A5. Sensitivity tests

1) 2) E(3)I (4) (5) (6) (7)

. xcl. .
TSN pw e Bolcowos mecmmong ov.owee  GUMIET Commih sk
"i5 i2.1(3.4) i3.5(3.5) i2.4 (3.4) i3.0 (3.1) i2.5(3.4) i2.1(4.8) i2.6 (3.3)
i5to0 i1.6 (2.4) 3.8 (2.1) i1.6 (2.4) i2.6 (2.2) i2.5(2.3) i1.6 (2.8) i0.5(2.0)
Oto5 0.0(1.2) i0.5(1.4) 0.3(1.2) i0.5 (1.0) i0.5(1.1) 0.0 (1.7) 0.7 (1.3)
5to 10 ref. cat. ref. cat. ref. cat. ref. cat. ref. cat. ref. cat. ref. cat.
10to 15 i1.8 (1.7) i2.0 (1.8) i2.5(1.6) i2.2 (1.7) i2.3(1.9) i1.8 (1.4) i2.2 (1.4)
15to0 20 i2.4 (1.9 4.4 (1.9 i4.3" (1.6) i2.7 (1.9) i2.6 (1.8) i2.4 (1.5) i4.3" (1.7)
20to 25 i6.3" (3.0) i9.4™ (2.8) i8.77 (2.5) i6.4" (2.8) i6.4" (2.9) i6.3" (2.9) i7.2" (2.6)
>25 i12.4" (3.2) i10.4" (3.6) i15.8" (2.6) i13.17 (2.8) i12.2" (3.3) i12.47 (2.9) i14.2" (3.2)
Fixed effects C-Y-M C-Y-M C-Y-M C-Y, C-M C,Y.M C-Y-M C-Y-M
Time trend No No No No C-spec. quadratic No No
Controls Yes No Yes Yes Yes Yes Yes
Prec_lp_ltatlonand Yes Yes No Yes Yes Yes Yes
humidity

. County+ County + County + County + County + County+
SEclustering ndividual individual individual individual individual County +¥-M individua
Weighted Yes Yes Yes Yes Yes Yes Yes
R-squared 0.16 0.03 0.16 0.15 0.15 0.16 0.17
N 121,670 121,670 121,670 121,670 121,670 121,670 117,358

Controls:gender age, education, labor market status, household sizegfdagek, public holiday. Standard errors are in parenthéges0.10,™ p <0.05,™

p <0.01
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Table A6. Temperature and respondent characteristics

(1) (2) () (4) (5) (6) (7) (8) L(9)

. . . arge
3@“3 Irangag UD\ Female edljlc?ar'][ion Young Mgégg' Older Employed Retired Other hoiisze:old
"is 0.016 0.000 i0.018 i0.001 0.019 i0.000 0.018 i0.017 i0.013

(0.015) (0.015) (0.011) (0.013) (0.013) (0.019) (0.014) (0.012) (0.012)
5100 0.013 0.008 0.012 {0.005 {0.006 0.006 {0.008 0.002 i0.002
(0.014) (0.011) (0.009) (0.011) (0.010) (0.015) (0.011) (0.008) (0.008)
0105 0.001 i0.002 0.000 0.009 i0.009 0.013 i0.009 i0.004 0.002
(0.008) (0.010) (0.012) (0.011) (0.007) (0.010) (0.006) (0.008) (0.004)
5to 10 ref. cat. ref. cat. ref. cat. ref. cat. ref. cat. ref. cat. ref. cat. ref. cat. ref. cat.
10 10 15 0.003 i0.008 0.006 0.007 i0.013 0.004 i0.018" 0.014" 0.014"
(0.007) (0.005) (0.009) (0.011) (0.007) (0.009) (0.006) (0.006) (0.006)
15 to 20 0.017" 0.001 0.000 0.005 {0.006 0.008 i0.014 0.005 0.010
(0.006) (0.008) (0.012) (0.010) (0.008) (0.011) (0.007) (0.010) (0.008)
20 10 25 0.009 0.005 0.003 i0.009 0.006 0.003 i0.008 0.005 0.010
(0.007) (0.011) (0.012) (0.012) (0.009) (0.010) (0.008) (0.009) (0.008)
>5 0.001 {0.008 i0.014 0.001 0.013 {0.009 0.003 0.006 0.004
(0.013) (0.014) (0.011) (0.015) (0.012) (0.016) (0.016) (0.012) (0.012)
R-squared 0.01 0.17 0.02 0.02 0.03 0.06 0.04 0.03 0.04
N 121,670 121,670 121,670 121,670 121,670 121,670 121,670 121,670 119,424

The dependent variables are indicated in the titles of the coldPnesipitation humidity, and @unty-by-yearby-month fixed effects are included. Standard
errors clustered at the couragd individualevels are in parenthesesp <0.10,” p <0.05,™ p <0.01
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Table A7. The effects of heatwave days

H t(l) t H tf/\z/) t
. ‘ eatwave: a eatwave: a
DLO\ PHDQ WHP: least 3 days least 5 days
" i2.1(3.4) i2.1 (3.4)
i5to0 i1.6 (2.4) i1.6 (2.4)
Oto5 0.0 (1.2) 0.0 (1.2)
5to 10 ref. cat. ref. cat.
10to 15 i1.8 (1.7) i1.9 (1.7)
15t0 20 i2.5(1.9) i2.5(1.9)
20to 25 i6.3" (3.0) i6.4" (3.0)
>25 (nonrheatwave day) i11.4™ (4.0) i10.7" (3.4)
>25 (heatwave day) i14.1" (3.7) i22.77 (5.1)
R-squared 0.16 0.16

N 121,60 121,60
p-value (norheatwave day 057 0.04

vs. heatwave day)

The models have controls for precipitatitiumidity, the characteristics of the respondent and the
interview day @ender age, education, labor market status, household sizepfdagek, public
holiday), and countpy-yearby-month fixed effectsStandard errors clustered at the cousuyl
individual levels are in parenthese’sp < 0.10,” p < 0.05,” p <0.01

Table A8. The effects of temperatures on workdays and neworkdays

Weekend and p

Workday ) iplic holidays (1) vs.(2)
Daily mean
WHPSHUD) (1) (2) (3)
” -0.5 (1.4) 1.3(3.1) 058
5t0 10 ref. cat. ref. cat.
10 to 15 1.1 (1.9) 2.8 (2.4) 052
15 to 20 -0.3 (1.9) -7.3" (3.0) 0.01
20to 25 -4.6 (3.1) -10.17 (3.4) 0.05
>25 -4.2 (3.4) -31.0" (7.3) 0.00
R-squared 0.16
N 121,60

The model hascontrols for precipitationhumidity, the characteristics of the respondent and the
interview day @ender age, education, labor market status, household sizegofdagek, public
holiday), and countpy-yearby-month fixed effects. Standard errors clustered at the camdy
individual levels are in parenthese’sp < 0.10,” p < 0.05,” p <0.01
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Table A9. The effects of temperatures by education

Low education High education (1) vs. (2)
Daily mean
WHPSHUD\ (1) (2) (3)
" 3.77 (1.4) -4.0 (2.1) 0.00
5to 10 ref. cat. ref. cat.
10to 15 -0.7 (1.8) -3.0(2.6) 0.45
15t0 20 -3.3(2.3) -1.8(2.1) 0.52
20to 25 -8.6" (3.5) -4.2 (3.1) 0.18
>25 -16.3" (3.2) 9.7 (4.4) 0.20
R-squared 0.16
N 121,60

The model has controls for precipitatidmymidity, the characteristics of the respondent and the
interview day (gender, age, education, labor market status, household sizd;wissk, public
holiday), and countpy-yearby-month fixed effects. Standard errors clustered at the camdy
individual levels are in parenthese’sp < 0.10,” p < 0.05,” p <0.01

Table A10. The effects of temperatures by age

. p p p
Young ~ Middle-aged  Older M) vs. (2) (W) vs. (3) (2)vs. (3)

Daily mean

WHPSHUD (1) 2 (3) (4) (5) (6)
" -2.2 (2.4) -1.1 (1.7) 4.3 (2.3) 0.67 0.08 0.09
5t0 10 ref. cat. ref. cat. ref. cat.

10to 15 -1.6 (3.7) -2.6 (1.5) -1.2 (3.5) 0.80 0.94 0.67
15to 20 0.9 (2.1) -3.8 (2.8) -6.6 (3.2) 0.05 0.04 0.50
20to 25 -3.6 (3.0) -7.0 (3.5) -10.Z (5.8) 0.34 0.27 0.46
>25 -5.1 (4.3) -9.1 (5.5) -28.47 (4.2) 0.53 0.00 0.01
R-squared 0.16

N 121,60

The model has controls for precipitatidmymidity, the characteristics of the respondent and the interview day
(gender, age, education, labor market status, household sizef-dagk, public holiday), and countyy-year
by-month fixed effects. Standard errors clustered at the camatyndividualevels are in parenthesesp < 0.10,

" p<0.05" p<0.01
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Table A1l The effects of temperatures bgender

p
Male Female (1) vs. (2)

Daily mean
WHPSHUD\ (1) (2) (3)
” -1.0 (2.2) 0.1(1.4) 0.66
5to0 10 ref. cat. ref. cat.
10to 15 -2.9 (2.5) -0.9 (2.0) 0.51
15t0 20 -3.7 (2.2) -1.3(2.1) 0.24
20to 25 -11.8" (3.5) -1.3(2.9) 0.00
>25 -18.6™ (4.5) -6.8 (3.5) 0.03
R-squared 0.16
N 121,60

The model has controls for precipitatidmymidity, the characteristics of the respondent and the
interview day (gender, age, education, labor market status, household sizd;wissk, public
holiday), and countpy-yearby-month fixed effects. Standard errors clustered at the camdy
individual levels are in parenthese’sp < 0.10,” p < 0.05,” p <0.01
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